This work investigates the effect of a multifunctional diesel fuel additive package used with RapeSeed Oil (RSO) as a fuel in a DI heavy duty diesel engine. The effects on fuel injectors' cleanliness were assessed. The aim was to maintain combustion performance and preventing the deterioration of exhaust emissions associated with injector deposit build up. Two scenarios were investigated: the effect of deposit clean-up by a high dose of the additive package; and the effect of deposit prevention using a moderate dose of the additive package. Engine combustion performance and emissions were compared for each case against use of RSO without any additive. The engine used was a 6 cylinder, turbocharged, intercooled Perkins Phaser Engine, fitted with an oxidation catalyst and meeting the Euro II emissions limits. The tests were conducted under steady state conditions of 23kW and 47kW power output at an engine speed of 1500 rpm. The in-cylinder pressure, gaseous and particulate exhaust emissions were measured. The injectors were inspected using SEM (Scanning Electronic Microscopy). The results show that the use of the multifunctional fuel additive package reduces the ignition delay (ID), increases the premixed combustion duration (PCD) and improves the combustion stability. The multifunctional fuel additive package also reduced the deposit build up on the fuel injectors and prevented the deterioration of engine-out particulate, CO and hydrocarbon emissions
INTRODUCTION
A problem encountered when using straight vegetable oil (SVO) as a substitute for diesel fuel is the formation of deposits within the combustion chamber after continuous operation [1] .
In Germany, Schoedder [2] tested raw rapeseed oil continuously for 100 h and found that the engine output was comparable to diesel, but difficulties arose due to deposits on piston rings, valves and injectors. It was suggested that the fuel would have to be pre-treated or adjustments made to the engine.
Worgetter [3] tested Rapeseed Oil (RSO) on a 47kW tractor engine. After 400 h of operation the test had to be aborted due to unfavorable operating conditions. Heavy carbon deposits had formed on the injector tips and pistons. Upon dismantling the engine it was found that the power loss was due to the deposits on the pistons, rather than those on the fuel injectors.
Wagner and Peterson [4] operated a small single cylinder engine on a blend of 70% RSO and 30 % diesel continuously for 850 h and did not observe any engine performance issues. However, they also reported that running the engine on pure sunflower oil caused severe piston ring gumming and engine failure when running the engine long-term. Research carried out on Biodiesel (Fatty Acid Methyl Ester) suggests that the main causes for deposit formation are through condensation and cracking reactions at nozzle temperatures of around 300°C. Birgel et al's review [5] on injector hole deposits suggests that zinc in the fuel, injector hole design and residual fuel remaining in the nozzle hole after the end of the injection process could all be contributing factors to the mechanisms accelerating injector deposit formation. However it is recognised that the physical and chemical processes are not well understood due to their complexity [6] .
Deposits in the orifices reduce the hydraulic diameter, which reduces the hydraulic flow through the nozzle. This in turn affects the fuel flow and spray properties and as a result, adversely affects the combustion and exhaust emissions. To overcome these problems associated with deposit formation, fuel additives could be used.
Caprotti et al investigated the impact of high doses of diesel fuel additives on vehicle performance under severe driving conditions [7] . They used a variety of additives available for their research with a standard diesel fuel: diesel detergent, demulsifiers, anticorrosion additive, ester based lubricity additive and a cold flow additive. After 50,000 km operation, the fuel injection equipment was analysed. Emission measurements were also taken throughout the tests. It was concluded that the high additive treatment did not have any negative affect on the Fuel Injection Equipment (FIE) or the exhaust emissions. No detrimental effects were observed on the pump, fuel lines, injector body, injector spray holes and the nozzle tip. This would indicate that high dose levels, and also standard dose levels, of the additive technologies tested are effective in preventing deposit formation.
In another study Caprotti et al investigated the behaviour of Rape Methyl Ester (RME) in current and future FIE [8] . The injector deposits using RME were analysed in swirl chamber injection systems for: indirect fuel injection; current common rail and; future common rail systems. Running the DW10 engine on B10 RME (10% RME with 90% diesel fuel) for 16 h showed a moderate deposit formation, resulting in about 3 % power loss. A further test was designed to try to understand what happens when B10 RME is run for an extended period of 48 hours. The result showed that the deposit formation continued at approximately the same rate and probably beyond, reaching a drop in torque of 24% as can he seen in figure 1 . The graph also shows the impact of B10 RME fuel doped with 3 ppm of a soluble zinc salt or with a current commercial diesel detergent on deposit formation. The appropriate detergent levels were shown to control the level of deposit formation. Results also indicated that RME can generate higher deposit levels on old indirect injection engines with swirl chamber. Figure 1 : B10 RME, B10 RME+detergent & B10 RME+detergent+zinc torque variation over 48 hours [8] In another piece of work Caprotti et al evaluated the impact of fuel additives on a modern passenger car equipped with advanced common rail FIE [9] . It was observed that advanced FIE, that is characterized by high injector tip temperatures, can lead to particularly stubborn injector deposits. Standard diesel fuel in the engine tests showed no significant levels of deposits. However in the presence of trace amounts of zinc, deposit formation was quiet severe. It was also shown that current diesel detergent technology can control deposits at an elevated treatment level. Interestingly their later work [9] showed that in practice zinc was not present in the fuel in practical situations.
In similar studies carried out by Caprotti in [10, 11] also investigated the deposit formation on advanced FIE. It was shown that base diesel fuel shows no deposits with current and future FIE systems [10, 11] . Deposition only occurred when the fuels contained Zn and futureexperimental injectors appear more sensitive to metal contamination. Commercial detergents were able to slow the deposit formation but not entirely eliminate it, even at high rates. Future FIE required for EURO 5 emission limits are shown to be prone to injector coking when the fuel contains zinc but commercial diesel detergents can help control these injector deposits.
Sem compared the effects of different fuels on injector tip deposits in transport refrigeration units [12] . Both laboratory and field testing revealed hard, black deposits interfering with optimum spray pattern on the injectors after 1000 h of operation. For the investigation B100 (100% biodiesel) and B20 soybean biodiesel was used, with and without a fuel detergent additive. Results showed that the fuel detergent additive added to B100 did not have any effect to reduce the injector tip deposits on the transport refrigeration unit diesel engine. The unit running on B20 soybean biodiesel showed significantly less accumulation of injector deposits, but was not able to eliminate the formation. Baseline tests with standard diesel fuel revealed dry, flaky, black deposits which didn't interfere with the four nozzle holes and the spray pattern was still good. Analysis of the deposits revealed they comprised mostly of carbon (70 % wt) and oxygen (20 % wt) with less than 1 % wt of aluminium, calcium, chlorine, iron, magnesium, phosphorus and sulphur. SEM analysis suggested that the two most likely sources of the deposits were from thermal decomposition of the methyl ester and/or the glycerine. The certificate of analysis revealed 0.134 % total glycerine in the soybean biodiesel.
Further SEM analysis suggested decomposition of soybean biodiesel occurs at temperatures of 430°C to 480°C so it could decompose during the ignition delay period resulting in the injector tip deposits.
Barbour et al examined injector fouling tendency in a range of engine technologies, fuels, current and future detergents [13] . They tested standard diesel fuel, B10 RME with a variation of zinc doping and detergent doping on three different DI light duty diesel engines. Injector fouling with the baseline diesel fuel was relatively low and could successfully be reduced to a negligible level with a standard dose of a currently available detergent. The researchers also doped the diesel with low amounts of zinc to investigate the fouling tendencies. The results showed a sharp increase in fouling from 0.1 to 0.6 ppm Zn but only a moderate increase at 1 ppm Zn. Tests with the conventional detergents showed that one of the detergents performed well on all three engines while the second one only performed well on the old engine with old-style indirect injection, confirming that detergents have to be well formulated for specific engine types. The tests on different detergents showed that the advances on detergents had a significant improvement in control of fouling tendencies and were possibly eliminating fouling. The paper concluded that some current commercial detergents are incapable of stopping fouling in modern engine designs while others are fully capable of providing protection. The newer novel detergents were able to provide exceptional performance in all three engines and may allow car manufacturers greater freedom in the design of FIE.
Hawthorne [14] considered the DW10 injector fouling test under development within the CEC, using a common rail, high speed direct injection engine to investigate the ability of fuel additives to maintain engine performance. Hawthorne states that the new test is more representative of current European diesel technology and is therefore a useful addition to previous performance tests. Zinc containing fuels consistently showed power loss in the DW10 test, indicating a tendency of zinc containing fuels to foul injectors. However the relevance of adding zinc salts to the fuel is yet to be shown to correlate with the field. Very high levels of deposits were observed when using B10 biodiesel fuel and commercial diesel fuel additives could offer protection against deposit formation with biodiesel. The test procedure using the DW10 engine is now a published CEC procedure [15] .
Objectives of the work reported here were to evaluate the effects of a diesel fuel additive package used with a rapeseed oil fuel on the formation of fuel injector deposits, and the effects of deposits on engine performance and engine-out emissions. Engine performance characteristics such as Ignition Delay (ID), Premixed Combustion Duration (PCD), combustion stability and fuel consumption were evaluated. Engineout particulate and gaseous emissions were compared with and without the fuel additive.
EXPERIMENTAL TEST ENGINE, CONDITIONS AND PROCEDURES-
The engine used was a Perkins Phaser 180Ti 6 cylinder, 6 litre, DI, turbo-charged inter-cooled, heavy duty diesel engine, fitted with an oxidation catalyst. Specifications of the engine are shown in table 1. The engine was manufactured to Euro II emissions standards.
The test was conducted under steady state conditions, 23kW and 47kW power output at an engine speed of 1500 rpm. The 47 kW power output was the dominant operation condition with additional testing at the 23 kW condition. The ignition delay, premixed combustion duration and combustion stability were monitored and reported for both power conditions. The emissions measurements were reported only for the 47 kW condition. These two power conditions represented low load and medium load conditions where the most significant effects were expected. The speed of 1500 rpm is approximately 60% of the rated power speed of 2600 rpm. The maximum power at 1500 rpm is 94 kW. Thus 23kW and 47kW conditions represent the step 3 (25% of maximum power at 60% rated power speed) and step 4 (50% of maximum power at 60% rated power speed) conditions of the ECE-R49 13 mode steady state diesel engine test cycle to which the engine would have been tested for emissions certification. For a better comparison to other engines, the BMEP of the two operating conditions are listed in table 1. The measurements were taken after cold start when the engine was fully warmed-up.
Prior to testing, the fuel injectors were removed from the engine and cleaned manually before reinstallation into the engine. Then the test started using RSO with no fuel additive package treatment (no additive package added) and the engine was run for 24 hours intermittently. This part of the testing was referred to as the 0 ppm test, which lasted for~3 months and the predominant power condition for the engine was 47 kW with a few short periods of 23 kW runs. At the end of the 0 ppm test, one of the fuel injectors was taken out for deposit inspection by SEM. Then a one-hour run with standard diesel was carried out to enable a comparison of the gaseous emissions with standard fuel. The diesel testing was kept as short as possible to minimize the interferences with the RSO test. The RSO was then treated with 1200 ppm (v/v) of the multifunctional additive package and tested for 6.5 hours at 47kW. The purpose of this test was to evaluate the cleansing effect of a high dose of additive package on exiting fuel injector deposits. The second SEM inspection was taken after the 1200 ppm test. The fuel injectors were manually cleaned again. A new test was started using the RSO treated with 800 ppm (v/v) of the multifunctional additive package and ran for 26 hours, which lasted for a month. The engine power during this period was mainly at 47 kW with a couple of short periods of 23 kW tests. This was followed by another inspection on fuel injectors using SEM at the end of the test. The recommended treat rate for petroleum diesel fuels is 400 mg/kg fuel. For this work two doses were used: 800 ppm (mg/kg) and 1200 ppm (mg/kg), which is equivalent to double and triple the normal treat rate for petroleum diesel fuels. A standard ultra low sulfur diesel fuel was also used. Table 2 lists some physical properties of testing fuels and the additive package. One of the cylinders on the test engine was fitted with a piezo-electric pressure transducer for measuring incylinder pressure, this was connected to a data acquisition system that could take around 100, 000 pressure readings per second. The Top Dead Centre (TDC) position was measured using an optical sensor and indentation on the flywheel at TDC. The time based pressure measurements could then be converted to a crank angle basis. The ignition delay and premixed combustion duration could then be determined in terms of crank angle. The ignition delay was defined as from the beginning of fuel injection at 11°BTDC until the start of premixed combustion. The PCD was defined between the end of ignition delay and the start of stratified combustion. Figure 2 shows an example of determination of ignition delay and premixed combustion duration. The software for pressure measurements was set up to continuously record the pressure variations for 60 seconds. This was approximately 750 firing cycles at 1500 rpm. The peak pressure of each cycle was compared to the average peak pressure and a normal gaussian distribution plotted. The value of the standard deviation divided by the mean was also calculated. Further the IMEP was calculated for multiple combustion cycles and the standard deviation of the IMEP values calculated. The same was done with the ID.
EXHAUST EMISSIONS MEASUREMENTS-
The engine out particulate and gaseous exhaust samples were taken at a distance of 1.3m from the turbocharger outlet which was still upstream (ups) of the oxidation catalyst and emissions downstream (ds) of the oxidation catalyst were taken at a distance of 2.05m from the turbocharger outlet. Figure 3 shows a schematic view of the exhaust sampling system, which includes R.O. smoke meter for particulate sampling, Horiba MEXA-7100D gas analyzer system for regulated gas analysis, FPS (Fine Particle Sampler) particle dilutor and particle size measurement instruments ELPI/SMPS. The particle size distributions were measured but not reported in this paper and will be published in future. The particulate samples were taken both upstream and downstream of the catalyst but only the upstream data is presented in this paper. A constant temperature sampling (CTS) technique was used, which was a modified SAE smokemeter procedure [10] . This had a 6.3mm stainless steel pipe inserted in to the exhaust pipe with a slight bend such that the sampling pipe lay along the centre line of the exhaust pipe. The sample for particulate collection was passed through a heated sample line to a heated filter in an oven at 50°C. There was separate thermostatic control of the oven and filter paper block, and there was sufficient sample residence in the oven to cool it to 50°C. Whatman GF/F glass-fibre filters were used with a 29mm spot size. The sampling flow rate was kept at 5L/min; this gave a filter face velocity of 0.13 m/s.
This research uses the raw exhaust thermally cooled particulate sampling technique. The authors have previously shown [16] for a Perkins 4-236 engine that there was good agreement between this method of exhaust particulate sampling at 50°C and dilution tunnel sampling at 50°C for a 30/1 dilution ratio. This sample system is the basis of the SAE smoke number measurement with the addition of gravimetric determination of the particulate, rather than the reflectance technique used in the SAE smoke number procedure. Steiger and Kaltwasser [17] have also used a similar CTS technique and noted that it was particularly suitable for sampling from low emission diesel engines.
Gaseous emission measurementsGas samples were taken from the same sample position in the exhaust as for the particulate samples. The exhaust gas sample was transported via a 6m long 6.3mm diameter electrically heated Teflon tube to a online gas analysis system. The sample line temperature was kept at 190°C.
EMISSION CALCULATION -
The particulate emissions were measured gravimetrically in units of g/m 3 . This was converted into an emissions index (EI) using following formula:
Where, C par is measured particulate in g/m 3 . The 1.18 factor is the density of the sample gas at the temperature and pressure of the constant volume flow meter.
A/F is the air fuel ratio.
The gaseous emission measurements were on a volumetric basis. These were converted into a mass basis using the conventional method for the computation of emissions index (EI: g/kg fuel) EI (gas) g/kgfuel=K*C*(1+ A/F)*10
Where, K is conversion coefficient, which is the ratio of molecular weight of a certain emission component to the molecular weight of the whole sample gas. The molecular weight of the exhaust sample gas is close to that of air and does not vary more than 1% for H/C ratios of about 2 (e.g.diesel), irrespective of the air/fuel ratio. For this reason, K is considered as a constant.
C is the measured concentration of a pollutant in ppm.
The volumetric fuel consumption was directly measured by the time to consume 200mL of fuel using a scaled glass cylinder. The air flow was measured by pressure drop across a calibrated laminar flow meter. The volumetric flows were converted into mass consumption kg/h using the air and fuel densities in order to calculate the A/F for the computation of the EI in g/kg fuel.
The specific emissions were calculated using equation 3:
Specific emissions (g/kWh) = EI*FC/P ---equation 3
Where, EI is in g/kgfuel.
FC is the Fuel consumption in kg/h. P is the Power in kW.
RESULTS

INJECTOR DEPOSIT -
The fuel injectors were inspected before each of two treatments of additive tests. Therefore a comparison can be made to determine the deposit accumulation and removal for each additive treatment.
Test 1: 1200 ppm treatment
The detergent test started with higher dose treatment (1200 ppm) with injector deposits already present. The aim was to see if the higher dose can clean the dirty injectors. The engine had run for~20 hours using the RSO with no additive treatment, before a treatment of 1200 ppm additive was added to the RSO. Figures 4  and 5 show the SEM pictures of an injector at the start of the test and after 6.5 hours of testing with 1200 ppm of the additive. It can clearly be seen that before the additive test, the black deposit build up was extensive. A thick deposit (about 400 micron) was formed around the injector hole exit. This would affect spray characteristics. The substantial build up of deposit on the injectors was expected as no detergent or anti-oxidation additives were added to the RSO. After 6.5 hours running with 1200 ppm of the multifunctional additive at 47 kW, there was no apparent change to the deposit shape and surface morphology. This indicated that 1200 ppm treatment of the additive, which is equivalent to the treble the normal dose rate for petroleum diesel fuel, did not have a significant clean up performance on the existing deposit. However, it was observed that there was no further increase in deposit.
After the 1200 ppm additive test, the injectors were manually cleaned. The deposit was retained for further analysis. It was observed that the deposit was very solid and hard to remove. 
Test 2: 800ppm treatment
The aim of the 800ppm tests was to examine the performance of the multifunctional additive in terms of keeping injectors clean.
The test was carried out using the RSO dosed with 800 ppm of the additive and was run for 26 hours, (7.5 hours at 23 kW and 18.5 hours at 47 kW). Figures 6 and 7 show the SEM picture of an injector after 26 hours running. It can be seen that some deposit build up did occur but that there were no deposits in the close proximity of the injector holes. The 'dam-like' structure around the holes has completely disappeared. There are some small deposits around 200 µm from the edge of the hole, but this would not affect the spray pattern of the fuel injected at high pressure. The exit hole itself is now perfectly round and no deposits can be seen on the inside of the injector hole. This deposit formation is not likely to noticeably affect the fuel spray pattern. Deere Company tested SVO on their tractor engines and found that the amount of these elements in the fuel negatively affects injector deposits. They suggested that emission regulations can only be met when the vegetable oil contains almost none of these elements.
[18]. As these measurements are performed on the exterior surface of the injection nozzle which protrudes into the combustion chamber, and thus in the path of swirling combustion gases, it is possible and indeed likely that these deposits will also contain combustion products. This may explain the presence of metals that would be found in lubricating oil, either from the lubricating oil additive package or from the wear metals that would accumulate in the oil. The ignition delay is seen to be reduced with the use of the additive and even more reduced with the higher dose of the additive. This is not surprising due to the presence of the ashless combustion improver in the multifunctional additive package. What is of interest however is that the ignition delay is longer at the higher power condition. It would be expected that at the higher power condition there would be a slightly higher charge temperature, due to the higher temperature of the residual gases within the combustion chamber and the higher metal temperatures of the combustion chamber, which would normally be expected to reduce ignition delay. A possible explanation of this is that the higher boiling characteristics of the RSO make it less sensitive to such variations in charge temperature. Again the benefit from the additive package is far greater at the lower load condition, both in absolute terms and in percentage terms, this is counter intuitive in view of the longer ignition delay at the higher load condition. Further work is required to fully understand the mechanisms leading to these observations. Figure 10 shows the evolution of ignition delay with time for the test using the RSO treated with 800 ppm of additive at the 47 kW condition and figure 11 shows the evolution of the ignition delay at the 47 kW condition when the RSO was treated with 1200 ppm of the additive. The PCD increased when the RSO was treated with 800 ppm and 1200 ppm of the additive package.
At the both 23 kW and 47 kW conditions the PCD of the fuel treated with 800ppm of additive is increased, as shown in table 3, at the 47 kW condition there was no further increase in the PCD when the additive treatment rate was increased to 1200 ppm. However the total time to the end of the premixed combustion (ID+PCD) is reduced by the addition of the additive and the reduction is greater for a greater additive treat rate. The ignition delay was shorter with the additive at both power conditions but the difference at 47 kW was not significant, considering the variations of the measurements. Figure 12 shows the cylinder pressure against crank angle curves for all three additive levels at the 47 KW condition. The longer ID of RSO and its higher peak pressure can be seen from here also. One of the problems reported by researchers with the use of straight vegetable oil is the poor combustion stability i.e. power fluctuations and misfiring [5] . During the test procedure on the engine test rig such power variations could be observed by fluctuating power output and having to re-adjust the throttle to maintain steady state power. To obtain a valid representation of these "felt" instabilities, the peak cylinder pressure, IMEP and ID variations were analysed and the coefficient of variation (standard deviation divided by the mean) was calculated. Table 4 shows these results. It can be seen that the additive package shows improvements for all three parameters. The combustion stability was improved with the use of both additive dose rates with the higher treat rate giving a greater improvement. Figure 13 shows a gaussian distribution of the peak cylinder pressure for 0 ppm, 800 ppm and 1200 ppm additive treatment rates. The peak pressure was reduced slightly with the additive package. The higher peaks for 800 ppm and 1200 ppm show the improved stability and also the previously mentioned reduction in peak cylinder pressure resulting from shorter ID and the longer PCD. Particulate samples were collected periodically during the tests. However, the measurements were not at equal intervals. This was due to a mechanical fault of the smoke meter which resulted in some lost data points. Only engine out particulate emissions at 47 kW are presented as the 47 kW was the dominant test power condition. Figure 14 shows the engine out (upstream of the catalyst) particulate mass (PM) emissions as a function test hours from when the injector was cleaned, i.e. deposit accumulation time.
The PM emissions showed a clear increasing trend for the 0 ppm fuel. There was then a significant reduction in the particulate emissions when switching to the 1200 ppm treated fuel. It must be remembered that at this time the fuel injector was removed for SEM analysis but not cleaned. It is considered there maybe two reasons for this. The first possible reason is that the 1200 ppm treatment changed and shortened the ignition delay as shown in tables 3 and 4. The second possible reason is that the short diesel run (~1 hour) after 0 ppm treatment test might someway have cleaned the fuel injection system and improved the fuel spray characteristics. However, the SEM inspection of injector deposit did not show an improvement and thus this is a speculation.
With the treated fuel there was no longer a significant increase in PM emissions as test hours were accumulated. The PM emissions were normalized to the clean injector values as shown in figure 15 
GASEOUS EMISSIONS -
The gaseous emissions were measured both upstream and downstream of the catalyst but only upstream (ups) of the catalyst (engine out) emissions are presented as only engine out emissions were affected when the engine and catalyst were at normal operating conditions. The emissions were normalised to the first data point of each test so as to show the relative variations and deteriorations with time. Figures 16 to 21 show the regulated gaseous emission variations over time for all three additive treatment levels at the 47 kW operating condition. The emissions of the diesel fuel test are shown in the figures as well. This test was run after the 0 ppm test and before the 1200 ppm test
The engine out NOx emissions in figure 16 showed slight decreases with time for 0 ppm and 800 ppm additive treats. The reductions were about 10% as shown in figure 17 . The NOx emissions increased again after 20 hours for the 0 ppm fuel. The RSO with and without the additive package treatments showed a similar level of NOx emissions to the diesel fuel. The higher additive treatment (1200 ppm) did not show any significant effect on NOx emissions. The engine out CO emissions in figures 18 and 19 revealed an increasing trend with time without the additive package treatment. The increases in CO emissions reached 100% by the end of 25 hours run. With 800 ppm treat, the CO emissions were kept at a constant level throughout the duration of 25 hours test. The higher additive treat rate (1200 ppm) also maintained the CO and THC emissions at a constant level.
After 25 hours testing using the RSO without additive, a short one-hour diesel test was conducted and then the RSO with 1200 ppm additive test was carried out. The CO emissions of the diesel test showed a large reduction compared to the tests both before and after the diesel test, indicating that the mixing of the RSO in the combustion chamber was worse compared to diesel fuel. showed an increasing trend with time without the additive package, similar to CO emissions. The THC emissions were maintained at a constant level with both additive treatment rates. The diesel test produced a significantly high THC emission immediately after the test with untreated RSO. This was followed by a quick drop in the THC emission while running on diesel fuel. There was then a further reduction in THC emissions when switching to the RSO treated with 1200 ppm of additive. This reduced level of THC emissions was then maintained throughout the testing with the treated fuel. This could suggest a deposit break up as a result of diesel fuel's cleaning function on fuel injectors. But the cleaning effect was limited. It also suggests that the THC emissions are intrinsically lower when running on RSO than when running on diesel fuel. Although there was a directional trend for improved fuel consumption with the use of the additive the differences were not statistically significant, and the benefit did not increase with increasing treatment rate.
Also no significant changes in fuel consumption with time were observed. Table 5 presents the average fuel consumption data. 
CONCLUSION
The effectiveness of a multifunctional additive package in the rapeseed oil fuel on fuel injector deposit control, combustion performance and engine out emissions has been evaluated on a heavy duty DI diesel engine. The main findings were:
1. The use of the additive package with the RSO has shortened the ignition delay and extended the premixed combustion duration. The variation of ignition delay and premixed combustion duration increased with increasing additive package treatment.
2. The combustion stability of the RSO has been improved by the use of the additive package.
3. The inspection of deposit on the fuel injectors by SEM shows that the high dose of additive treatment (1200 ppm) did not readily remove the existing deposit on the fuel injectors but a moderate treatment of the additive package (800 ppm) prevented the accumulation of deposit around injection hole area on the fuel injectors. 5. Without the additive package treatment, the engine out CO and THC emissions were increased significantly with time, indicating a deterioration of fuel air mixing in the combustion chamber. In contrast, the engine out CO and THC emissions were maintained at a constant level when using the additive package, indicating an improved fuel air mixing by keeping fuel injector clean.
6. There was no statistically significant change in fuel consumption with and without the additive package treatment.
